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Kinetics of Sodium Sulfate efflorescences as observed by humidity cycling with ESEM
Fluctuations of atmospheric conditions cause dehydration and 
hydration of hygroscopic salts, leading to expansion and contraction 
that results in fatigue stress of the porous material
(Overmiller, 1926 in Shaffer 1932; Arnold & Zehnder 1988; Charola & Weber, 1992)
Quantify reaction kinetics and morphological changes for sodium 
sulfate transition from decahydrate phase Mirabilite (Na2 SO4 x 
10H2O) to a microcrystalline powder of anhydrous Thenardite 
(Na2 SO4) due to relative humidity cycling in ESEM (Doehne, 1994)
Background:
Objective:
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Relative humidity cycling using ESEM
Range of RH: between 50% and 100% 
Temperature: 10C 
Materials: Mirabilite (Na2 SO4 x 10H2O) and Thenardite (Na2 SO4)
Rate of change: initial incremental steps of 1% RH per minute 
and eventually tests of up to 10% RH per second, once the hydration 
and dehydration boundaries were defined according to the physical 
movement of expansion and contraction of the salt
Complementary techniques: XRD, TG-DTA, RH control 
chambers 
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Relative humidity cycling under ESEM
Time Lapse: original time 3 hours compressed to 1 minute (180x)
Water vapour pressure at 10C: 4.6 Torr is 50% RH and 9.2 is Torr is 100%RH
3th Cycle
7th Cycle
10th Cycle
20th Cycle
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Partial DehydrationMirabilite crystals
Full dehydration of Mirabilite
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Expansion of Thenardite
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Mirabilite crystals
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Relative humidity cycling under ESEM
Contraction and Expansion
Time Lapse: original time 10 minutes compressed to 30 seconds (20x)
Water vapour pressure at 10C: 4.6 Torr is 50% RH and 9.2 is Torr is 100%RH
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Relative humidity cycling 
of Thenardite under ESEM
Time Lapse: original  time 40 minutes compressed 
to 1 minute
Water vapour pressure at 10C: 4.6 Torr is 50% RH 
and  9.2 is Torr is 100%RH
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Relative humidity cycling under ESEM:
Movement of crystals
Time Lapse: original time 3 minutes compressed to 1 minute (3x)
Water vapour pressure at 10C: 4.6 Torr is 50% RH and 9.2 is Torr is 100%RH
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Measurements in Static Relative Humidity
Control Chambers:  Days until reaction complete
Dehydration of Mirabilite (75-0%RH) Hydration of Thenardite (76-100%RH)
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Conclusions
1. RH cycling from 50 to 100% of mirabilite results in an
expanded, highly porous, high-surface area microcrystalline structure 
identified by XRD as Thenardite.
2. RH 75% is the critical RH value 
for expansion and contraction and hydration/dehydration 
(observed under ESEM and in the RH chambers); 
expansion and contraction reactions 
are the beginning of the phase transitions.
3. White powder resulting from this process 
is very similar to the efflorescences found in the field 
associated with decay of masonry structures. 
The rapid physical movements observed under the ESEM 
may play important role in the damage process due to humidity changes
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• XRD with humidity and temperature control
• Study the role of air circulation in the kinetics of these reactions
• Measurements of the increase of surface area with humidity cycling 
• Performing similar experiments but cycling the temperature.
Work in progress and future work
Kinetics of Sodium Sulfate efflorescences as observed by humidity cycling with ESEM
Acknowledgements
To the Ministry of Science and Technology JCCM, Toledo 
(Spain), the European Social Fund, and Giacomo Chiari, chief 
scientist of the Getty Conservation Institute (GCI), for supporting 
the post-doctoral fellowship to develop this work. 
To the researchers at the GCI, R. Schmidtling, J. Druzik, D. 
Carson, B. Bicer-Simsir and to the visiting scholar M.L. Florian.
